Introduction
============

The slime mold *Dictyostelium discoideum* belongs to the Amoebozoa, the closest living relatives to animals and plants ([@B1]). This social amoeba lives as solitary cells that feed on bacteria and yeasts in decaying forest material ([@B2]). However, starvation triggers migration of up to 100,000 cells followed by a developmental program resulting in a differentiated multicellular structure consisting of a long stalk with a ball of spores ready to germinate when nutrients are available ([@B2]). The two major cell types in the developing organism are prestalk cells that differentiate to stalk cells, forming a cellulose-rich stalk, and prespore cells that constitute ∼80% of all cells and differentiate into spores protected from drought and other harsh conditions by a spore wall ([@B3]).

Unlike most eukaryotes *D. discoideum* encodes genes for more than one class of the essential enzyme ribonucleotide reductase (RNR)[^7^](#FN7){ref-type="fn"} ([@B4]). RNR catalyzes the only pathway for *de novo* synthesis of DNA building blocks (deoxyribonucleotides or dNTPs) by reducing the 2′-hydroxy group of the corresponding ribonucleotides using radical chemistry ([@B5]). Three different classes of RNRs are currently known that share a common evolutionary origin but differ in radical-generating cofactors with specific oxygen dependences. The vast majority of eukaryotes encode a class I RNR, but *D. discoideum* encodes both a class I and a class II RNR. Class I RNRs consist of two subunits: the larger NrdA subunit contains the active site and usually two different allosteric sites, whereas the smaller NrdB subunit harbors a stable tyrosyl radical close to a diiron-oxo center. Together, NrdA and NrdB form α~2~β~2~ or larger oligomeric holoenzyme complexes ([@B6]). The tyrosyl radical can be scavenged by hydroxyurea (HU), leading to depletion of the class I RNR activity ([@B5]). Class II RNRs consist of one protein component, the NrdJ protein that requires the vitamin B~12~ coenzyme (5′-deoxyadenosylcobalamin (AdoCbl)) cofactor. In contrast to the oxygen-requiring class I RNR, the class II RNR activity is indifferent to oxygen. The only previously studied eukaryotic class II RNR is the *Euglena gracilis* NrdJ protein ([@B7]). In contrast to *D. discoideum*, *E. gracilis* encodes only a class II RNR.

RNRs provide a balanced dNTP supply via sophisticated allosteric regulations. Nucleoside triphosphates bound at the allosteric specificity site of RNRs determine which ribonucleotide will be reduced at a given time: ATP and dATP stimulate the reduction of cytidine and uridine nucleotides, dTTP stimulates guanosine nucleotide reduction, and dGTP stimulates adenosine nucleotide reduction. Balanced dNTP pools are crucial for cells, and abnormal pools result in increased mutational rates with downstream negative effects ([@B8]--[@B10]). Many class I RNRs have a second allosteric site called the overall activity site that regulates the total pool of dNTPs by shutting down enzyme activity in the presence of high dATP levels.

Here we report the first study of a eukaryotic organism that encodes both a class I and a class II RNR. We have cloned, expressed, purified, and characterized the *D. discoideum* class I RNR. We show that class I RNR mRNAs are present in growing cells and that class I RNR transcripts and proteins are highly induced in the tight aggregate stage during development. Interestingly, class I RNR activity is important for spore formation. Furthermore, we observed class II RNR expression in growing and developing cells. Together with phylogenetic data from close relatives to *D. discoideum*, this indicates that class II RNRs are functional in Dictyosteliida.

EXPERIMENTAL PROCEDURES
=======================

### 

#### D. discoideum Growth and Development

*D. discoideum* cells were cultivated in HL5 medium and developed at 22 °C on nitrocellulose membranes on top of pads saturated with PDF buffer ([@B11]).

#### Cloning of the D. discoideum nrdA and nrdJ Genes

The 2610-nucleotide-long *nrdA* (see [Table 1](#T1){ref-type="table"} for dictyBase gene name) open reading frame (ORF) was amplified by PCR with cDNA synthesized from RNA harvested from growing *D. discoideum* cells ([@B12]) as template using the DdAf and DdAr primer pair (5′-ATGATAAGTAATAGTATTAATGTAACTC-3′ and 5′-TTAACTACCACAAACTAAACAACCTTC-3′, respectively, giving an amplicon of 2613 bp). The PCR contained 1× *Pfu* buffer with 2 m[m]{.smallcaps} MgSO~4~ (Fermentas), 0.2 m[m]{.smallcaps} dNTP mixture (Fermentas), 1 μ[m]{.smallcaps} primers, 0.5 μl of 10×-diluted cDNA, 1.25 enzymatic units of *Pfu* polymerase (Fermentas), and 0.05 enzymatic unit of *Taq* polymerase (Fermentas). The PCR was initiated by 2 min of denaturation at 95 °C followed by 25 cycles of 30 s of denaturation at 95 °C, 30 s of annealing at 50 °C, and 3 min of elongation at 60 °C, and finally a 7-min extra elongation step at 60 °C was included. The resulting PCR fragment was purified, and prior to TA cloning, the PCR fragment was incubated for 10 min at 72 °C with *Taq* polymerase, nucleotides, and *Taq* buffer to ensure the presence of A overhangs. Subsequently, the PCR fragment was cloned into a pEXP5-CT/TOPO vector (Invitrogen) according to the manufacturer\'s instructions. Colonies were screened by PCR for *nrdA* insertion, and plasmids were extracted from positive clones using standard kits (Qiagen) and sequenced. All clones contained mutations, and the one chosen contained one silent mutation and lacked the stop codon. A correct stop codon (underlined below) was generated by site-directed mutagenesis using the QuikChange XL site-directed mutagenesis kit (Stratagene) according to the manufacturer\'s instructions using primers DdAmf and DdAmr (5′-GGTTGTTTAGTTTGTGGTAGT[TAA]{.ul}GGGTCATCATCACCATCACC-3′ and 5′-GGTGATGGTGATGATGACCC[TTA]{.ul}ACTACCACAAACTAAACAACC-3′, respectively) followed by validation by sequencing of the resulting plasmid.

The 2274-nucleotide-long *nrdJ* ORF (see [Table 1](#T1){ref-type="table"} for dictyBase gene name) did not contain introns and was amplified by PCR with genomic DNA derived from growing AX4 *D. discoideum* cells as template using the DdJf and DdJr primer pair (5′-ATGTTAACTATTAAAAGATTACTTTTAAATC-3′ and 5′-TTATAAATTATTAAGTGTTTCAGAATTATCAG-3′, respectively, giving an amplicon of 2277 bp). The PCR mixture contained 1× *Taq* buffer with (NH~4~)~2~SO~4~, 2 m[m]{.smallcaps} MgCl~4~ (Fermentas), 0.2 m[m]{.smallcaps} dNTP mixture (Fermentas), 1 μ[m]{.smallcaps} primers, 0.5 μl of 10×-diluted genomic DNA, and 1.25 enzymatic units of *Taq* polymerase (Fermentas). The PCR program was as for *nrdA* but 20 cycles and a 48 °C annealing temperature were used. The PCR fragment was inserted into a pEXP5-CT/TOPO vector (Invitrogen) according to the manufacturer\'s instructions.

#### Expression and Purification of the D. discoideum NrdA, NrdB, and NrdJ Proteins

All protein expression vectors were transformed into the Rosetta-2 *Escherichia coli* strain (Novagen) for protein expression. Growth and protein expression were carried out in LB medium supplemented with 100 μg/ml kanamycin and 17 μg/ml chloramphenicol.

NrdA expression and extraction were essentially as for the *E. coli* NrdA ([@B13]) except that the NrdA expression cells were moved to 12 °C before induction with 0.5 m[m]{.smallcaps} isopropyl β-[d]{.smallcaps}-thiogalactopyranoside and grown for 48 h. After crude protein extraction, ∼20% of the NrdA protein (as judged by SDS-PAGE) was left in solution, indicating that the majority of the expressed NrdA protein was insoluble. The ammonium sulfate pellet was resuspended in 50 m[m]{.smallcaps} Tris, pH 7.5 and 2 m[m]{.smallcaps} DTT (buffer A) and loaded onto a 1-ml γ-aminohexyl-dATP-Sepharose column (Jena Biosciences) pre-equilibrated with buffer A. The column was washed with 10 ml of buffer A, 10 ml of 0.2 [m]{.smallcaps} KCl in buffer A, and an additional 10 ml of buffer A. Subsequently, 10 ml of 10 m[m]{.smallcaps} ATP (Sigma-Aldrich) in buffer A was added, and the eluate was collected followed by addition of 10 ml of 50 m[m]{.smallcaps} ATP in buffer A to elute the strongly bound NrdA protein. The protein-containing fractions eluted after addition of 10 and 50 m[m]{.smallcaps} ATP were collected into separate pools, concentrated, and washed three times in buffer A in Centricon filters with a 50,000-kDa cutoff (Millipore), and subsequently, buffer A was replaced by 0.75 [m]{.smallcaps} ammonium sulfate and 2 m[m]{.smallcaps} DTT (buffer B). Samples were chromatographed on a hydrophobic column (HiLoad 16/10 phenyl-Sepharose HP, GE Healthcare) as described previously ([@B13]) to remove remaining ATP molecules. After Centricon filter concentration (50,000-kDa cutoff; Millipore), SDS-PAGE showed a protein band corresponding to the theoretical molecular mass of 98 kDa with a purity of ∼95%.

The AX2 *nrdB* gene cloned in the pET3a vector (Novagen) was kindly provided by P. Gaudet (see [Table 1](#T1){ref-type="table"} for dictyBase gene name; the AX2 strain ORF corresponds to the AX4 *rnrB-1*). Recombinant expression was induced at 0.5 *A*~600~ by addition of isopropyl β-[d]{.smallcaps}-thiogalactopyranoside to 0.5 m[m]{.smallcaps} concentration in 37 °C growing cells. Cells were harvested after 3 h, and the procedure used to extract crude protein was identical to the NrdA procedure except that DTT was excluded from all buffers, and the final streptomycin concentration was 3.3%. Approximately 80% of the NrdB protein was soluble as judged by SDS-PAGE. The ammonium sulfate pellet was dissolved in 60% buffer B (without DTT) and 40% buffer A (without DTT) and separated on a HiLoad 16/10 phenyl-Sepharose HP column (GE Healthcare). The NrdB-containing fractions were pooled, concentrated, and desalted on a Centricon filter device with a 30,000-kDa cutoff. Subsequently, the buffer was changed to 50 m[m]{.smallcaps} Tris, pH 7.5 and 1 [m]{.smallcaps} NaCl (buffer C) on a NAP25 column (GE Healthcare), and the desalted protein was further purified on a strong anion exchange column (HiLoad 16/10 Q-Sepharose HP, GE Healthcare). The resulting NrdB protein was ∼90% pure, and the size corresponded to the theoretical molecular mass of 39 kDa.

The NrdJ protein was also recombinantly expressed to high levels as shown on SDS-PAGE (data not shown). Despite several expression attempts between 10 and 30 °C and addition of class II RNR-specific cofactor AdoCbl all expressed NrdJ protein was insoluble.

#### Reconstitution of the NrdB Protein and UV-visible Absorption Spectroscopy

Reconstitution of the diiron center in NrdB protein used in activity assays was performed as described previously ([@B14]) aiming for 4× iron excess followed by desalting on a NAP5 column (GE Healthcare) to remove excess irons. A PerkinElmer Life Sciences Lambda 35 spectrophotometer was used for recording spectra at 25 °C.

#### Electron Paramagnetic Resonance (EPR) Measurements

EPR spectra were recorded with Bruker Elexsys 500 series X-band spectrometers equipped with either an Oxford ESR900 cryostat for temperatures from 10 to 50 K or a liquid nitrogen flow system for temperatures above 90 K. The double integral of the spectrum was compared with that of a frozen copper standard solution to estimate the radical concentration in the sample. First derivative EPR spectra were recorded at different microwave powers (*P*) and various temperatures to determine the microwave power at half-saturation (*P*~½~) for each temperature. The experimental values were fit with the function *I* = 1/(1 + (*P*/*P*~½~))*^b^*^/2^ where *I* denotes the normalized intensity of the EPR signal and *b* is a component relating to the type of relaxation; the *b* factor is 1 for a completely inhomogeneous relaxation and 3 for a completely homogeneous relaxation ([@B15]). The temperature dependence of *P*~½~ gives information about the environment of the studied radical. In NrdB proteins the prominent environment is the diiron center and its particular properties ([@B16]).

#### RNR Enzyme Activity Assays

The standard RNR activity assay was performed in 50-μl reactions containing 50 m[m]{.smallcaps} Tris-HCl, pH 7.5, 10 m[m]{.smallcaps} DTT, 20 m[m]{.smallcaps} magnesium acetate, 5 m[m]{.smallcaps} ATP, and 0.5 m[m]{.smallcaps} \[^3^H\]CDP (or 0.7 m[m]{.smallcaps} \[^14^C\]GDP in assays with dTTP as effector), 1 μ[m]{.smallcaps} NrdB, and 0.125--0.25 μ[m]{.smallcaps} NrdA, but conditions were varied as seen in [Fig. 3](#F3){ref-type="fig"}. Assays were incubated at 25 °C for 10 min, and the formed dCDP was analyzed as described in Thelander *et al.* ([@B17]), whereas the procedure reported in Hofer *et al.* ([@B18]) was used for monitoring dGDP formation. *K~m~* for the CDP substrate and half-maximum activation (*K~L~*) by the ATP allosteric effector were calculated using the Michaelis-Menten equation in Prism 5 (GraphPad Software Inc.). At the least, duplicate samples were performed for all assays.

#### Gas-phase Electrophoretic Mobility Molecular Analysis (GEMMA)

The general procedure and instrumental setup were as described ([@B19]). In samples containing the NrdA proteins, a running buffer consisting of 100 m[m]{.smallcaps} ammonium acetate buffer, pH 7.5, 0.005% Tween 20, and 1 m[m]{.smallcaps} DTT was used, whereas the NrdB protein in the absence of NrdA was analyzed in 20 m[m]{.smallcaps} ammonium acetate, pH 7.5. The NrdA protein concentration was 0.04 mg/ml (0.2 μ[m]{.smallcaps} dimeric NrdA), whereas the NrdB protein concentration was 0.02 mg/ml (0.26 μ[m]{.smallcaps} dimeric NrdB) when mixtures of NrdA and NrdB were analyzed. All effector nucleotide concentrations used were 50 μ[m]{.smallcaps} in combination with 50 μ[m]{.smallcaps} Mg^2+^ ions. Capillary pressures of 1.6--2.0 p.s.i. were used, and data shown are the sums of two to six scans.

#### Northern Blot

Total RNA was extracted by the TRIzol method (Invitrogen) from growing cells (0 h) and cells developed for 4, 8, 12, 16, 20, and 24 h. The NorthernMax-Gly kit (Ambion, Applied Biosystems) was used for Northern blotting according to the instructions. 10 μg of RNA and 1.25--3.75 μg of High Range RNA ladder (Fermentas) were separated on a 0.8% agarose gel. The RNA was transferred using a vacuum blot onto Hybond-XL nylon membrane (GE Healthcare) followed by UV cross-linking of the RNA. DNA probe templates were prepared by PCR using the following primer pairs: *nrdA*, dNrdAf (5′-ATTGCACCAATGCCAACCGC-3′) and dNrdAr (5′-AAAGCACCACGATCAGCAGC-3′) for a 308-bp amplicon; *nrdB*, dNrdBf (5′-GGTTTACATTGTGATTTCGC-3′) and dNrdBr (5′-TCCTTGAATTGCAACACCAG-3′) for a 336-bp amplicon; *nrdB_ps*, dNrdB2f (5′-AACACTTGCAAATCAATGGG-3′) and dNrdB2r (5′-TAGAAACATTTCGCTTCTGG-3′) for a 198-bp amplicon; *nrdJ*, dNrdJf (5′-GCATCAACTTAAGGATTGGTG-3′) and dNrdJr (5′-GTACTATTCTCAAAGGCTGGC-3′) for a 273-bp amplicon; and *rnlA*, dRnlaf (5′-CCAGTAAGGTAAGGGACTAA-3′) and dRnlar (5′-CTGCGCCTATAGTTACTACC-3′) for a 286-bp amplicon. The PCR program for the production of the probe templates was 2 min of denaturation at 95 °C followed by 28 cycles of 30 s of denaturation at 95 °C; 30 s of annealing at 56, 49, 49, and 53 °C for the *nrdA*, *nrdB*, *nrdB_ps*, and *nrdJ* primers, respectively; 45 s of elongation at 72 °C; and finally a 7-min elongation step at 72 °C. The PCR mixture consisted of 1× *Taq* buffer with (NH~4~)~2~SO~4~, 2 m[m]{.smallcaps} MgCl~4~ (Fermentas), 0.2 m[m]{.smallcaps} dNTP mixture (Fermentas), 1 μ[m]{.smallcaps} primers, 0.5 μl of 10× diluted genomic DNA from axenic cells as template, and 1.25 enzymatic units of *Taq* polymerase (Fermentas). After purification of the PCR fragments using the PCR purification kit (Qiagen), the PCR fragments were used as template for synthesis of \[α-^32^P\]dATP-labeled DNA probes using the HexaLabel DNA labeling kit (Fermentas) according to the instructions but with 25 ng of template. Prehybridization and hybridization were conducted according to the NorthernMax kit instructions but with ULTRAhyb buffer supplemented with 2% blocking solution (Roche Applied Science), and hybridization was carried out overnight at 48 °C. The membrane was washed according to the instructions, and hybridization signals were detected by a PhosphorImager (GE Healthcare). Membrane blotted with the *nrdA*, *nrdB*, and *rnlA* probes was exposed for 1--3 h, and membrane blotted with *nrdJ* and *nrdB_ps* was exposed for 3 days or more.

#### Western Blot

*D. discoideum* AX4 cells were harvested by centrifugation for 5 min at 300 × *g* and washed twice in PBS buffer. Cells were resuspended in 1 ml of radioimmune precipitation assay buffer and incubated on ice for 20 min followed by 3 × 5 min of sonication at ice temperature. The supernatant was measured by Bradford protein assay (Bio-Rad) after centrifugation for 20 min at 13,000 rpm in a table top centrifuge at 4 °C. 10 μg of protein was mixed with 2× Laemmli buffer, heated for 10 min at 95 °C, loaded for 8 or 10% SDS-PAGE together with Spectra multicolor high range ladder (Fermentas), and separated at 85--200 V. Subsequently, the proteins were blotted to Immobilon-P polyvinylidene fluoride membrane (Millipore) using a wet blot apparatus (Bio-Rad). The membranes were blocked with Tris-buffered saline (TBS) buffer containing 2% bovine serum albumin for 1 h at room temperature. Polyclonal peptide antibodies against *D. discoideum* NrdA, NrdB, and NrdJ were ordered from GenScript, and 1:1000, 1:500, and 1:1000 concentrations were used, respectively. The primary antibodies were added to the blocking solution and incubated with gentle agitation overnight at 4 °C. Subsequently, the membranes were washed 3 × 5 min in TBS and Tween 20 (TBS-T buffer) followed by one wash in TBS and incubated with a 1:2000 dilution of goat anti-rabbit horseradish peroxidase-conjugated secondary antibody (Dako) in TBS-T with 5% dry milk for 1 h at room temperature. Then the membrane was washed 5 × 5 min in TBS-T. For detection, the Super Signal Femto West (Thermo Scientific) reagent was used according to the instructions, and the signal was detected in a LAS-4000 detector (FujiFilm).

#### Development and Spore Studies

*D. discoideum* strain AX4 was grown and developed, and when indicated, the buffered filter pads were supplemented with 50 m[m]{.smallcaps} HU, 2 μg/ml AdoCbl (Sigma-Aldrich), or HU + AdoCbl. All developments were performed in duplicates and were placed in the dark at 22 °C, and photos were taken during development. After 41 h, all cells from each filter were collected in 5 ml of 20 m[m]{.smallcaps} KPO~4~, pH 6.2 and 20 m[m]{.smallcaps} EDTA buffer (buffer D). Cells were separated from each other by passing through a 18--21-gauge needle 10 times, and spore cells *versus* other cells were counted using a hemocytometer; each duplicate sample was counted at least three times. Subsequently, the suspensions were mixed 1:1 with buffer D with 0.5% Triton X-100 added and incubated for 1 h at room temperature to break all cells except spore cells. The remaining spores were counted at least three times for each sample. Spore efficiency was calculated as the percentage of cells originally transferred to the membrane that ended up as spore cells. Subsequently, 200 spores were plated in duplicates from each sample on SM plates ([@B20]) with *Klebsiella* bacteria. After a few days, the number of plaques (reflecting viable spores) were counted. Two independent experiments were performed as described above. Mean and S.E. were calculated for spore efficiency and viability and plotted in [Fig. 7](#F7){ref-type="fig"} where each result stems from six to nine data points.

#### Phylogeny Estimation

Sequences were aligned with Probcons ([@B21]) and analyzed with Zorro ([@B22]). Positions with a Zorro score greater than or equal to 6 were kept for phylogenetic estimation, which was performed with FastTree ([@B23]) using the WAG substitution model ([@B24]) and Shimodaira-Hasegawa branch support ([@B25]).

RESULTS
=======

### 

#### The Genome of D. discoideum Encodes Both Class I and Class II RNRs

Four class I RNR genes (*nrdA*, *nrdB1*, *nrdB2*, and the pseudogene *nrdB_ps*) and one class II RNR gene (*nrdJ*) are present in the sequenced *D. discoideum* AX4 genome ([@B4]) (see [Table 1](#T1){ref-type="table"} for corresponding dictyBase sequence names). For the *nrdA* gene on chromosome 4, a class I large subunit NrdA protein with ≥60% amino acid identity to other eukaryotic NrdA proteins and 27% identity to *E. coli* NrdA is predicted. Similarly, for the *nrdB1* gene on chromosome 2, a class I small subunit NrdB protein with ≥60% amino acid identity to other eukaryotic NrdB proteins and 25% identity to the corresponding *E. coli* protein is predicted. Due to a recent duplication on chromosome 2, there is an identical second *nrdB* gene copy in the sequenced AX4 strain (here called *nrdB2*). In contrast, for the *nrdB_ps* gene on chromosome 6, a protein with 50 extra N-terminal residues compared with NrdB, lacking 120 C-terminal residues including the region essential for interaction with the NrdA protein, and lacking four of the six crucial metal-ligating side chains and three of the four side chains involved in radical transfer is predicted. Together, this suggests that the *nrdB_ps* gene does not code for a functional RNR component. Phylogenies estimated from the class I RNR protein sequences are consistent with established eukaryotic supergroups, placing *Dictyostelium* spp. sequences among other Amoebozoa ([@B26]).

###### 

**List of gene names used in this work and the corresponding gene names found in dictyBase ([@B33]) and Acytostelium gene database**

The names used in the current work are mainly in accordance with the ribonucleotide reductase database (RNRdb) nomenclature ([@B34]).

  Organism                                                Class I RNR   Class II RNR *nrdJ* genes                                                                                                                                                 
  ------------------------------------------------------- ------------- --------------------------- ------------------------------------------------ ----------- ------------- ------------------------------------------------ -------- -------- ------------------------------------------------
  *D. discoideum*[*^c^*](#TF1-3){ref-type="table-fn"}     *nrdA*        *rnrA*                      DDB_G0284071                                     *nrdB1*     *rnrB-1*      DDB_G0272616                                     *nrdJ*   *ndrJ*   DDB_G0292654
                                                                                                                                                     *nrdB2*     *rnrB-2*      DDB_G0274021                                                       
                                                                                                                                                     *nrdB_ps*                 DDB_G0291764                                                       
  *D. purpureum*[*^d^*](#TF1-4){ref-type="table-fn"}      *nrdA*                                    DPU_G0059450                                     *nrdB*                    DPU_G0058582                                     *nrdJ*            DPU_G0070122
  *P. pallidum*[*^e^*](#TF1-5){ref-type="table-fn"}       *nrdA*        *rnrA*                      PPA_G1339772                                     *nrdB1*     *rnrB-2*      PPA_G1430112                                     *nrdJ*            PPA_G1287280
                                                                                                                                                     *nrdB2*     *PPL_08999*   PPA_G1345902                                                       
  *D. fasciculatum*[*^e^*](#TF1-5){ref-type="table-fn"}   *nrdA*                                    DFA_G1470658                                     *nrdB*      *rnrB-2*      DFA_G1484104                                     *nrdJ*            DFA_G1578480
  *A. subglobosum*[*^f^*](#TF1-6){ref-type="table-fn"}    *nrdA*                                    ADB2009733[*^g^*](#TF1-7){ref-type="table-fn"}   *nrdB*                    ADB2009702[*^g^*](#TF1-7){ref-type="table-fn"}   *nrdJ*            ADB0000099[*^g^*](#TF1-7){ref-type="table-fn"}

*^a^* dictyBase name when other than dictyBase ID.

*^b^* dictyBase ID.

*^c^* Ref. [@B4].

*^d^* Ref. [@B43].

*^e^* Ref. [@B44].

*^f^ Acytostelium* genome consortium.

*^g^* Predicted coding sequence in *Acytostelium* gene database.

For the *nrdJ* gene on chromosome 6, a class II RNR NrdJ protein that is ≥50% identical to the relatively few known eukaryotic NrdJs is predicted. The *D. discoideum* NrdJ protein sequence could be modeled to the known three-dimensional structure of the *Lactobacillus leichmannii* monomeric NrdJ protein (33% identical residues) but not to the structure of the *Thermotoga maritima* dimeric NrdJ protein (28% identical residues), suggesting that the *D. discoideum* NrdJ protein is of the monomeric NrdJ subtype (data not shown). In contrast to the class I RNR, the phylogeny of the eukaryotic monomeric class II RNRs indicates horizontal gene transfer of monomeric RNR class II genes from bacteria on at least two occasions followed by horizontal gene transfer among representatives from different eukaryotic supergroups ([Fig. 1](#F1){ref-type="fig"}). The clan containing *Dictyostelium* spp. proteins also contains the distantly related Stramenopiles as well as the excavates *E. gracilis* and *Naegleria gruberi* plus the more closely related ophistokont *Capsaspora owczarzaki*. Relatively nearby in the class II protein phylogeny, although forming a well supported clan of their own, lie the sequences from green algae (Viridiplantae) as well as the ophistokonts *Salpingoeca* and *Monosiga brevicollis* that are quite closely related to *Dictyostelium* spp. and *C. owczarzaki.* The latter clan also contains bacterial and viral sequences, hinting at a possible source as well as vector for the transfer.

![**Maximum likelihood phylogeny of eukaryotic class II RNR proteins.** Nodes with *black circles* have more than 0.9 Shimodaira-Hasegawa support ([@B25]). The tree was rooted and colored similarly to [Fig 7](#F7){ref-type="fig"} in Ref. [@B26].](zbc0161343580001){#F1}

Using *D. discoideum* RNA and DNA, we cloned the *nrdA* and *nrdJ* genes, whereas the expression derivative of the *nrdB* was a generous gift from P. Gaudet. Following heterologous expression in *E. coli*, the NrdA protein was highly expressed and isolated at ∼95% purity, whereas the NrdB protein was isolated at ∼90% purity. In contrast, no soluble NrdJ protein was obtained despite expression attempts at different temperatures and in the absence or presence of the cofactor AdoCbl.

#### Characterization of the D. discoideum Class I RNR

The active form of a class I RNR consists of a complex between the NrdA and NrdB components. The *D. discoideum* NrdA protein could be used as isolated to form the holoenzyme. In contrast, the NrdB protein was isolated as an apoprotein and needed reactivation to acquire the diiron-oxo/tyrosyl radical cofactor. The activated *D. discoideum* NrdB showed a typical UV-visible spectrum with diiron-oxo absorption bands at 330 and 370 nm and tyrosyl radical absorption bands at 396 and 416 nm ([Fig. 2](#F2){ref-type="fig"}*A*) very similar to those in the corresponding mammalian NrdB cofactor ([@B27]). Likewise, the EPR spectrum of the tyrosyl radical showed that the *D. discoideum* NrdB radical is similar to that of the mammalian radical ([Fig. 2](#F2){ref-type="fig"}*B*). It displays well resolved hyperfine couplings from the ring protons 3 and 5 of the tyrosyl ring at temperatures up to ∼35 K. At higher temperatures, the resolution and amplitude decrease as the signal becomes broader in a manner very similar to that of the mammalian tyrosyl radical. At 100 K, the signal is considerably broadened due to interaction with the fast relaxation of the diiron site, and no hyperfine structure is resolved ([Fig. 2](#F2){ref-type="fig"}*B*). Analysis of the saturation behavior of the *D. discoideum* tyrosyl radical at different temperatures (data not shown; see "Experimental Procedures") groups it together with that of mammalian NrdB and shows that it is different from the tyrosyl radical in *E. coli* NrdB and tyrosyl radicals produced by light irradiation ([@B16], [@B28]). This reflects the strong interaction between the tyrosyl radical and the diiron site in both *D. discoideum* (see [Fig. 2](#F2){ref-type="fig"}*B*) and mouse NrdB proteins ([@B16]). From the EPR signal, we calculated a content of 0.8 radical per NrdB dimer, suggesting that the NrdB protein had been properly reactivated.

![**Spectroscopic analyses of *D. discoideum* NrdB protein.** *A*, UV-visible spectra of 13 μ[m]{.smallcaps} (dimer) iron-reconstituted *D. discoideum* NrdB protein. Absorption peaks from the tyrosyl radical (*R*) and the iron center (*I*) plus combined absorption from the radical and iron center (*R* + *I*) are indicated. A spectrum of NrdB protein lacking radical was subtracted from the radical-containing protein spectrum, giving the *lower* spectrum mainly from the tyrosyl radical. *B*, first derivative X-band EPR spectra of the reconstituted *D. discoideum* NrdB protein. Spectra were recorded at unsaturating conditions (2-milliwatt microwave power) at the following temperatures: 32.5 K, which displays well resolved hyperfine splittings, and 48, 53, 59, and 100 K. The 32.5 and 100 K spectra are indicated; the 48, 53, and 59 K spectra have increasing broadening and follow in order between these two. The 100 K spectrum is severely broadened due to interactions with the diiron center. *mT*, millitesla.](zbc0161343580002){#F2}

The enzymatic activity of the recombinant *D. discoideum* NrdA and NrdB proteins was characterized *in vitro* with CDP or GDP as substrate using the standard RNR activity assays ([@B17], [@B18]). Addition of Fe^3+^ in the assay had no effect, indicating that the regenerated NrdB cofactor kept its diiron site during the course of the assay. The *K~m~* for the CDP substrate was determined to 322 ± 66 μ[m]{.smallcaps} in presence of the positive effector ATP (see [Fig. 3](#F3){ref-type="fig"}*A* and "Experimental Procedures"), and the *K~L~* for the positive effector ATP was determined to be 209 ± 26 μ[m]{.smallcaps} in the presence of CDP ([Fig. 3](#F3){ref-type="fig"}*B*). The highest activity (884 units/mg of NrdA) was achieved between pH 7.2 and 7.8 in the presence of 10 m[m]{.smallcaps} reducing agent DTT and saturating concentrations of substrate and positive allosteric effector and is to our knowledge the highest reported enzyme activity for a eukaryotic RNR. Similar to other class I RNRs, the *D. discoideum* enzyme showed an initial activation by dATP with a maximum at 7 μ[m]{.smallcaps} dATP when the effector presumably binds to the allosteric specificity site ([Fig. 3](#F3){ref-type="fig"}*C*). Likewise, higher concentrations of dATP mediated increasing inhibition, indicating that dATP also binds to a functional allosteric overall activity site. GDP reduction was stimulated by dTTP ([Fig. 3](#F3){ref-type="fig"}*D*). When the dTTP concentration (2 m[m]{.smallcaps}) was high enough to saturate the specificity site, addition of ATP, which binds to the allosteric activity site, increased enzyme activity up to 2-fold, whereas ATP alone had very little effect on GDP reduction ([Fig. 3](#F3){ref-type="fig"}*D*).

![**Activity assay results showing the allosteric properties of the *D. discoideum* class I RNR.** CDP reduction (*A--C*) and GDP reduction (*D*) are shown. *A*, titration of substrate CDP (100--1500 μ[m]{.smallcaps}) in the presence of the allosteric effector ATP. *B*, titration of the positive effector ATP (0--3000 μ[m]{.smallcaps}). *C*, titration of the inhibiting allosteric effector dATP (0--1000 μ[m]{.smallcaps}). *D*, ATP titration (0--1000 μ[m]{.smallcaps}) in the absence (○) and presence (●) of 2 m[m]{.smallcaps} dTTP. Mean values with *error bars* displaying ranges are shown. For details, see "Experimental Procedures."](zbc0161343580003){#F3}

Using GEMMA, we studied the oligomeric forms of the *D. discoideum* class I RNR in the absence and presence of nucleotides. In the absence of effector, both the NrdA protein (α~2~; theoretical molecular mass,196 kDa) and the NrdB protein (β~2~; theoretical molecular mass, 79 kDa) appeared as homodimers ([Fig. 4](#F4){ref-type="fig"}*A*, *traces A* and *B*). Addition of effector dTTP that only binds to the allosteric specificity site had no effect on the NrdA oligomeric states ([Fig. 4](#F4){ref-type="fig"}*A*, *trace C*). In contrast, a non-saturating concentration of ATP (50 μ[m]{.smallcaps}) ([Fig. 4](#F4){ref-type="fig"}*A*, *trace D*) and especially a saturating concentration of dATP (50 μ[m]{.smallcaps}) ([Fig. 4](#F4){ref-type="fig"}*A*, *trace E*), both binding to the allosteric overall activity site in addition to the specificity site, induced near complete transformation into NrdA hexamers (α~6~; theoretical molecular mass, 588 kDa). When NrdA and NrdB were mixed, a high degree of α~2~β~2~ complex (theoretical molecular mass, 275 kDa) assembled even in the absence of allosteric effector ([Fig. 4](#F4){ref-type="fig"}*B*, *trace A*). Addition of 50 μ[m]{.smallcaps} dTTP did not alter the complex composition ([Fig. 4](#F4){ref-type="fig"}*B*, *trace B*), whereas ATP and dATP instead gave almost complete formation of α~6~β~2~ complexes (theoretical molecular mass, 667 kDa) ([Fig. 4](#F4){ref-type="fig"}*B*, *traces C* and *D*). These findings are similar to previous results for the mammalian RNR ([@B29]) with a few exceptions. The mammalian NrdA protein is monomeric in the absence of effector and needs dTTP to dimerize ([@B29]). Also, formation of mammalian NrdA α~6~ and NrdA + NrdB α~6~β~2~ complexes are less efficient compared with those of *D. discoideum* even at higher protein concentrations. Thus, the *D. discoideum* class Ia complexes seem generally tighter and less effector-dependent. All in all, our biochemical characterization of the *D. discoideum* class I RNR shows that it generally behaves as a typical eukaryotic RNR.

![**GEMMA data of the separate *D. discoideum* NrdA and NrdB proteins (*A*) and NrdA and NrdB mixtures (*B*) with and without allosteric effectors.** The indicated *numbers* show experimental molecular masses in kDa. The NrdA concentration was 0.04 mg/ml, the NrdB concentration was 0.02 mg/ml, and all effector concentrations were 50 μ[m]{.smallcaps} in combination with 50 μ[m]{.smallcaps} Mg^2+^ ions. The *base lines* have been shifted by 600--700 intensity counts for each trace. *A*, NrdB (*trace A*), NrdA (*trace B*), NrdA + dTTP (*trace C*), NrdA + ATP (*trace D*), and NrdA + dATP (*trace E*). *B*, NrdA + NrdB (*trace A*), NrdA + NrdB + dTTP (*trace B*), NrdA + NrdB + ATP (*trace C*), and NrdA + NrdB + dATP (*trace D*).](zbc0161343580004){#F4}

#### RNR mRNA and Protein Expression

We used Northern blot analysis to study the mRNA levels from the *nrd* genes in non-synchronized growing cells (0 h) and during development (4--24 h). The class I RNR *nrdA* mRNA was most abundant during development. A clear accumulation was evident, starting at 8 h and peaking at 12 and 16 h into development with severalfold higher levels of mRNA than in growing cells and early (4 h) into development ([Fig. 5](#F5){ref-type="fig"}*A*). A similar pattern was seen for the class I RNR *nrdB* mRNA. As expected, the proposed non-functional *nrdB_ps* mRNA was not detected as indicated by both the lack of a Northern blot signal and the lack of *nrdB_ps* DNA amplification from cDNA (data not shown). The class II RNR *nrdJ* mRNA showed highest abundance in growing cells (0 h) and at 12 and 16 h ([Fig. 5](#F5){ref-type="fig"}*A*), but the Northern blot analysis of *nrdJ* required a much longer exposure time compared with the *nrdA* and *nrdB* analyses (see "Experimental Procedures"). In addition, we confirmed the presence of *nrdJ* mRNA in growing cells by reverse transcription-PCR ([Fig. 5](#F5){ref-type="fig"}*B*). Our expression data largely agree with RNA-seq data available via the dictyExpress database ([@B30], [@B31]) showing that *nrdA* and *nrdB* abundance is strongly increased during development and *nrdJ* mRNA is present at very low levels. Moreover, the existence of *nrdA*, *nrdB*, and *nrdJ* expressed sequence tags in dictyBase ([@B32], [@B33]) further supports that these *nrd* genes are active. To find out whether the *nrd* mRNA levels are related to the protein levels, we performed Western blots with polyclonal antibodies raised against *D. discoideum* NrdA, NrdB, and NrdJ peptides. Both the NrdA and NrdB protein levels increased at 8 h of development and remained constant for the next 12 h with the highest abundance of NrdA at 20 h of development ([Fig. 5](#F5){ref-type="fig"}*C*). In contrast, we could not detect any NrdJ protein from the low expression of the *nrdJ* transcript.

![***D. discoideum* RNR mRNA and protein expression analyses.** *A*, Northern blot analysis. Expression analysis of *nrd* genes and the mitochondrial large ribosomal RNA (*rnlA*) of vegetative cells (0 h) and during different stages of *D. discoideum* development is shown. The two *lowest rows* show ethidium bromide staining of the agarose gel prior to blotting from which the presence of the large and small rRNAs show equal loading of the RNA. *B*, reverse transcription-PCR of *D. discoideum nrdJ* with *nrdA*. Both *nrdJ* and *nrdA* transcripts are present in cDNA prepared from axenically growing cells (*RT*+ *lanes*), whereas no specific DNA fragment was amplified from the negative control template when reverse transcriptase was excluded (*RT*−). Gene-specific primers amplifying the full-length genes were used for comparison. *C*, Western blot analysis on protein extracts from different developmental stages.](zbc0161343580005){#F5}

#### Class I RNR Inhibitor HU Restricts Spore Formation

We next investigated the function of the *D. discoideum* RNRs during development. The cells were depleted of nutrients and developed in the presence of the specific RNR class I inhibitor HU and/or the essential class II RNR cofactor AdoCbl and compared with untreated cells. We speculated that an HU-specific phenotype rescued by AdoCbl would indicate that the class II RNR could compensate for the function of the class I RNR. As AdoCbl is light-sensitive, the *D. discoideum* cells were placed in the dark during development, and a somewhat slower development due to the lack of light was observed. Obvious differences between the various treated cells were seen at the slug stage and onward ([Fig. 6](#F6){ref-type="fig"}). At 20 h from the onset of development, the HU-treated slugs were thinner and left more slime trails during migration ([Fig. 6](#F6){ref-type="fig"}). The AdoCbl-treated cells were similar to the untreated cells. At 26 h, fewer sori (balls of spores) had formed in the HU ± AdoCbl-treated cells compared with cells developed in the absence of HU ([Fig. 6](#F6){ref-type="fig"}), a persisting trend in fully developed cells (41 h; [Fig. 6](#F6){ref-type="fig"}) where we also noted that the sori of the HU-treated cells generally were more transparent and smaller in size. After 41 h, the developed cells were harvested, and the ratio between spores and non-spore cells was calculated. Untreated and AdoCbl-treated cells had normal ratios of spores (83 ± 3 and 80 ± 4%, respectively). In contrast, the HU- and HU + AdoCbl-treated cells had much lower fractions of spores (9 ± 2 and 9 ± 4%, respectively), supporting the observed phenotypes and indicating that AdoCbl did not influence the HU-induced spore deficiency. To check whether these cells were true spores, the harvested cells were detergent-treated to break all non-spore cells. The results confirmed that about 10 times fewer spores had been formed in the HU-treated cells, a defect that AdoCbl could not rescue ([Fig. 7](#F7){ref-type="fig"}*A*). In addition, we studied the germination viability of the spores by plating out equal numbers of spores from all treatments on plates with *Klebsiella* bacteria. Not only did HU treatment result in drastically fewer spores, the HU treatment also clearly decreased the viability of the few spores that were formed ([Fig. 7](#F7){ref-type="fig"}*B*).

![***D. discoideum* cells treated with 50 m[m]{.smallcaps} class I RNR inhibitor HU, 1. 3 m[m]{.smallcaps} (2 mg/ml) class II RNR essential cofactor AdoCbl, and the combination of HU + AdoCbl and untreated cells during development.** All pictures were taken with 2× magnification with conserved equal scale.](zbc0161343580006){#F6}

![**Spore characterizations.** *A*, spore efficiency (the percentage of cells initially triggered to develop that ended up as spores). *B*, relative viability of the spores from the differently treated developed cells. Mean values with *error bars* displaying S.E. are shown. For details, see "Experimental Procedures."](zbc0161343580007){#F7}

DISCUSSION
==========

The social amoeba *D. discoideum* encodes genes for the common class I RNR found in almost all eukaryotes but also encodes a class II RNR gene only found in a few eukaryotes ([@B4], [@B7], [@B26], [@B34]). We have shown that the properties of *D. discoideum* class I RNR are similar to those of mammalian class I RNR as suggested by previous phylogenetic analysis ([@B26]). The tyrosyl radical cofactor in the NrdB protein has properties similar to those of the mammalian tyrosyl radical, and the allosteric regulation of *D. discoideum* class I RNR shares many characteristics with that of mammalian RNRs. For example, the combined ATP + dTTP activation observed for *D. discoideum* RNR has previously only been shown for the mammalian RNR ([@B29], [@B35]). Furthermore, α~6~β~2~ complexes of *D. discoideum* RNR were formed both in the presence of the activating effector ATP and in the presence of the inhibiting effector dATP in line with previous mammalian GEMMA data ([@B29]) and the recently published low resolution *Saccharomyces cerevisiae* α~6~ crystal structure and electron microscopy α~6~ββ′ structures ([@B36]). Our *D. discoideum* results strengthen the notion that the eukaryotic class I RNR allosteric regulation is different from that of the bacterial *E. coli* class Ia RNR where the ATP + dTTP combination is inhibitory and all active complexes have an α~2~β~2~ composition ([@B19], [@B37], [@B38]). To our knowledge, the *D. discoideum* class I RNR has the highest observed *in vitro* activity of investigated eukaryotic RNRs ([@B39]--[@B41]), and the GEMMA results indicate that unusually strong polypeptide complexes are formed.

The *D. discoideum* class II RNR is of the monomeric subtype exemplified by the *L. leichmannii* NrdJ ([@B42]). Class II genes are also found in the closely related and recently sequenced genomes of *Dictyostelium purpureum*, *Dictyostelium fasciculatum*, *Polysphondylium pallidum*, and *Acytostelium subglobosum* ([@B43], [@B44]) (*Acytostelium* gene database) ([Fig. 1](#F1){ref-type="fig"} and [Table 1](#T1){ref-type="table"}). *D. discoideum*, *D. purpureum*, and *A. subglobosum nrdJ* expressed sequence tags speak in favor of functional NrdJ proteins ([@B32], [@B33]) (*Acytostelium* gene database). Although the eukaryotic class I RNR genes probably were horizontally transferred from bacteria after the last common ancestor of archaea and eukaryotes but prior to the last eukaryotic common ancestor, the monomeric eukaryotic class II RNR gene was suggested to be a more recent transfer from bacteria to one or two eukaryotic branches ([@B26]). The recent completion of genome sequences from *C. owczarzaki*, *Chlamydomonas reinhardtii*, and *Salpingoeca* strengthens this hypothesis and also suggests another more recent transfer between eukaryotes (see positioning of *C. owczarzaki* NrdJ in [Fig. 1](#F1){ref-type="fig"}). Unfortunately, we were not able to express soluble *D. discoideum* class II RNR protein, but its properties are likely similar to those of the previously studied *E. gracilis* NrdJ protein based on sequence conservation ([@B7]). Interestingly, both *E. gracilis* and *Blastocystis hominis* appear to lack class I RNR genes, suggesting that the NrdJ is physiologically functional in these organisms. Taken together, our finding that the *nrdJ* gene in *D. discoideum* is expressed and its presence in RNA-seq and expressed sequence tag data ([@B30]--[@B33], [@B45]) speak in favor of a functional role also for the *D. discoideum* NrdJ.

To better understand the functions of the two RNR classes in *D. discoideum*, we analyzed the expression during development. The class I RNR mRNAs and proteins were expressed simultaneously, and the highest class I RNR expression was found in the tight aggregation stage, the stage at which differentiation of cells into prestalk and prespore cells takes off. In contrast, the class II RNR gene was only weakly expressed, and no concomitant protein expression could be detected. Our *nrdB* gene expression data are supported by a previous study that in addition showed the prespore cell location of the NrdB protein ([@B46]). We confirmed the important role of class I RNR in prespore cells by developing cells in the presence of the class I RNR inhibitor HU, which drastically decreased spore formation and reduced the viability of the 10% surviving spores by 75%. The γ-proteobacterium *Pseudomonas aeruginosa* encodes three classes of RNRs, and it has been shown that including the class II RNR essential cofactor AdoCbl could rescue HU-induced growth inhibition in this pathogen ([@B28], [@B47], [@B48]). In contrast, addition of AdoCbl to *D. discoideum* did not rescue the spore deficiency of HU-treated developing cells.

Why would *D. discoideum* promote high expression of an RNR enzyme providing DNA precursors during spore formation? DNA synthesis is known to occur in prespore cells during development, but it is still debated whether the DNA synthesis stems from S phase nuclear chromosomal DNA replication or mitochondrial DNA replication. Mitotic cell division has been claimed in several studies ([@B49]--[@B52]), whereas exclusive mitochondrial spore cell DNA synthesis was found in other studies ([@B53], [@B54]). Interestingly, inhibition of mitochondrial DNA replication ([@B55]) or respiration ([@B56]) leads to defective or depleted fruiting body formation, a phenotype similar to the phenotype we observed upon class I RNR inhibition. Thus, the spore formation deficiency in class I RNR-inhibited cells could be the result of dNTP pool depletion affecting primarily mitochondrial DNA replication. Furthermore, the observed increased levels of the large mitochondrial rRNA (*rnlA*) a few hours after the induction of class I RNR transcripts ([Fig. 5](#F5){ref-type="fig"}*A*) might also favor the importance of increased mitochondrial activity during development.

The role of the class II RNR in *D. discoideum* is enigmatic. Eukaryotes do not synthesize the vitamin B~12~ coenzyme AdoCbl ([@B57]) essential for function of class II RNRs but have to rely on external sources. *D. discoideum* in addition encodes two other AdoCbl-dependent enzymes, methylmalonyl-CoA mutase and methionine synthase ([@B58]), and likely can acquire AdoCbl from phagocytosed bacteria that synthesize the vitamin B~12~ coenzyme. Perhaps the tolerance to hypoxia is a valuable class II RNR feature in *D. discoideum* when growth conditions with high nutrient but low oxygen levels are encountered. There is evidence for an oxygen-sensing mechanism in *D. discoideum* ([@B59]) as the oxygen level controls the expression of two cytochrome *c* oxidase isoforms. Clearly, selection for class II RNR function exists as the class II RNR is expressed in *D. discoideum*, *D. purpureum*, and *A. subglobosum*, and the gene is present in the genomes of several closely related organisms.
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